were obtained containing 0-4.0% weight fraction of metal ions. The microstructure of these compounds was determined, and the effect of the metal ions on the thermal degradation of chitosan in nitrogen was studied. The results showed that the second thermal degradation of chitosan was significantly affected by the metal ion species. The temperature of maximal weight loss rate was dependent on the content of the metal ion, with a higher metallic ion concentration sample presenting a lower temperature, and also the metal ion species, which decreased in the order
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. However, the weight loss, which decreased with an increasing weight fraction of the metal ion, was not proportional to the initial metal concentration in the compound. The activation energies of the second thermal degradation of the compounds were calculated and compared.
Introduction
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Chitosan is a natural polymer of 2-amino-2-deoxyd-glucose and 2-acetylamino-2-deoxy-d-glucose units. It has reactive amine and hydroxy side groups, so that chitosan and its derivatives have stable coordination with metal ions. Chitosanmetal ion complexes have many applications. But the thermal stability of chitosan is bad, and the effect of metal ion on the degradation of chitosan is obvious. Therefore, knowledge of the effect of various metal ions on the thermal decomposition reactions of chitosan is essential.
In the work reported here, the thermal degradation of chitosan-transition metal compounds with Mn , and Cd 2+ was investigated, and the reaction activation energies were evaluated. The effect of the metal ions on the thermal degradation of chitosan is discussed in detail. This paper also attempts to correlate the thermal degradation of the compounds with the nature of a series of transition metal ions.
the cage form of a net structure through hydrogen bonds or salt bonds, so that chitosan and its derivatives have stable coordination with metal ions (Guibal, 2004; Varma, Deshpande, & Kennedy, 2004) . Chitosan-metal ion complexes have many applications: for example, in wastewater treatment (Zamariotto, Lakard, Fievet, & Fatin-Rouge, 2010) , in chemical catalysis (Martina et al., 2011) , and in medicine through their anticancer (Karagozlu & Kim, 2014) and antibacterial activities (Higazy, Hashem, ElShafei, Shaker, & Hady, 2010) . In recent years, much effort has been devoted to new developments from chitosan by the activation of salts. Bengisu and Yilmaz (2002) suggested that the oxidation and pyrolysis of chitosan after pretreatment with ammonium chloride may provide a source of carbon fibers, and metals such as copper and nickel can be used as catalysts in this process (Kim, Rodriguez, & Baker, 1991) . Wang, Christian, Deng, Qiao and Hou (2013) ) used a concentrated aqueous solution of ZnCl 2 to directly convert chitin biomass to 5-hydroxymethylfurfural. Shao et al. (2015) considered chitosan to be one of the most promising precursors of N-doped carbon, and metal salts such as nickel nitrate and copper nitrate are able to promote the conversion of chitosan (Ilnicka, Walczyk, & Lukaszewicz, 2015; Liang et al., 2014) .
It is well known that the coordination of the amino groups in chitosan chains with metal ions affect the conformation of the polymer and, consequently, its thermal stability (Sreenivasan, 1996) . Therefore, knowledge of the effect of various metal ions on the thermal decomposition reactions of chitosan is essential. Trimukhe and Varma (2009) , and Hg 2+ at different metal concentrations. However, the thermal degradation of chitosan catalyzed by metal ions is influenced by the species and concentration of the metal ions, the structure of the complex, and the interaction strength of the polymer with the metal ions. There are, unfortunately, few reports on the specific effect of different metal ions on the thermal properties of the polymer.
The effects of the cupric ion on the thermal degradation of chitosan and quaternized chitosan have been studied by the authors Ou et al., 2008; Ou, Yang, Li, Hong, & She, 2010) , who subsequently investigated the effect of other transition metal ions on the thermal degradation of chitosan. In the work reported here, the thermal degradation of chitosan-transition metal compounds with Mn , and Cd 2+ was investigated, and the reaction activation energies evaluated. The effect of the metal ions on the thermal degradation of chitosan is discussed in detail below. This paper also attempts to correlate the thermal degradation of the compounds with the nature of a series of transition metal ions.
Experimental

Materials
Chitosan was bought from Shanghai Greenbird Science and Technology Development Co. (Shanghai, China). Its viscosity average molecular weight was 180 kDa, and the degree of deacetylation of chitosan was greater than 90%.
Preparation of chitosan-transition metal compounds
The chitosan-transition metal compounds were obtained by mixing an aqueous solution of the metal chloride with a chitosan solution in 1% acetic acid, casting, and then drying. The products so obtained were transparent and homogeneous films containing 0-4% weight fraction of the transition metal ion. 
Attenuated total reflectance-fourier transform infrared (ATR-FTIR) spectroscopy
FTIR spectra were recorded on a Nicolet 5700 instrument with an ATR accessory. First, the crystal area was cleaned and the background was collected, and sufficient solid material was then placed to just cover the crystal area. Next, the pressure arm was positioned over the crystal/sample area, and force was applied to the sample. The FTIR spectrum of the sample was obtained using a resolution of 16 cm −1 and 32 scans ranging from 500 to 4,000 cm −1 .
Powder X-ray diffraction
Powder X-ray diffraction (PXRD) was carried out on the freshly prepared sample using a D/max IIIA diffractometer (Rigaku, Japan) and a Cu Kα target. The standard run was carried out using a voltage of 40 kV, a current of 100 mA, and a scanning rate of 8°min −1 over a 2θ range of 2°-60° with a step size of 0.04° and a counting time of 0.5 s step −1 .
Thermal analysis
Thermogravimetric analysis (TGA) was undertaken using a Perkin Elmer TG/DTA6300 analyzer (USA). The accuracy of the measured sample temperature was checked by the onset fusion temperatures of indium (156.6 ± 0.2°C) and tin (232 ± 0.2°C) with heating/cooling dynamic segments. The sample (5 ± 0.1 mg) was heated in an alumina crucible, and the loss of mass as a function of temperature was recorded from room temperature to 800°C. The experiment was performed at a heating rate of 10°C min −1 , using a nitrogen flow rate of 50 ml min −1 . All the experiments were carried out in triplicate.
Data processing
The kinetic parameters of the thermal decomposition reactions were evaluated from dynamic experiments in which a sample was heated from room temperature until its complete decomposition at a linearly programed rate. The method used to investigate the effect of the cupric ion on the thermal degradation of chitosan was also used in this work (Ou et al., 2008): where α is the extent of the decomposition, E α is the activation energy (kJ mol Figure S1 (Supporting Information) shows the FTIR spectra of the samples, and Table 1 lists the characteristic FTIR bands of the samples. The main bands appearing in the spectrum of chitosan were due to axial stretching vibration of O-H superimposed on the N-H stretching band and the interhydrogen bonds of the polysaccharide in the range 3,750-3,000 cm (Yin, Yuan, Lin, Tan, & Zhang, 2006) .
Results and discussion
FTIR analysis
In the FTIR spectra of the compounds, it was anticipated that coordination of the nitrogen center with the metal ion would reduce the electron density in the amino group and shifts the frequencies of N-H stretching and N-H plane bending to lower wave numbers (Thangadurai & Ihm, 2003) . The shift in N-H stretching and N-H plane bending to lower regions was found for all the compounds, indicating successful coordination of this amino nitrogen with the metal center. The characteristic bands of chitosan, the C-O-C stretching band (at around 1,030 cm ) were also seen in the FTIR spectra of the compounds, which indicated that the metal complexes had successfully anchored to the chitosan backbone . However, the decrease in the wave numbers and the change in the absorption intensities were not proportional to the fraction of the transition metal ion in the chitosan, which may be a result of variation in the coordination behaviors for the different transition metal compounds. Figure S2 (Supporting Information) shows the PXRD patterns of the chitosan-transition metal compounds. The PXRD pattern of chitosan exhibited three characteristic peaks at 2θ of 11.3°, 17.8°, and 22.8°. These three peaks gradually became weaker or were disappeared for the chitosan-transition metal compounds as the weight fraction of the transition metal ion in the chitosan increased. These results indicate that the chitosan-transition metal complexes formed were amorphous because of the interaction of the amino group in chitosan with the transition metal ions, which resulted in their thermal instability.
PXRD studies
Thermal analysis
The thermal properties of the chitosan-transition metal compounds were studied by TGA under a nitrogen atmosphere. In general, it has been found that the coordination of a metal ion with the functional group of the chitosan moiety causes thermal instability and affects thermal degradation (Trimukhe & Varma, 2009) . In this work, the effect of transition metal ions on the thermal degradation and stability of chitosan was studied in detail, and different metal ion species compared. The TG curves and the corresponding DTG curves of chitosan-transition metal compounds are shown in Figure S3 (Supporting Information). As can be seen, there were two peaks in the DTG curves for all the samples studied, showing their two distinct decomposition stages.
The first peak appeared at about 100°C, which Bihari-Varga, Sepulchre and Moczár (1975) explained as resulting from the evaporation of water (this stage will be ignored in the following discussion). The second peak, corresponding to the main degradation of chitosan, occurred in the temperature range 200-350°C. From the TG and DTG curves, this stage began at lower temperatures for the chitosan-transition metal compounds compared with chitosan, indicating that these compounds were less thermally stable than chitosan. The characteristic temperatures and the corresponding mass losses in the main degradation stage for all samples are listed in Table 2 . The data in Table 2 show that the temperature at which the maximum reaction rate occurred was dependent on the content of the transition metal ion (with a high-metallic ion concentration resulting in a lower temperature) and on the transition metal ion species (which decreased the temperature in the following order:
). However, the weight loss in the second stage of degradation, which decreased with an increasing weight fraction of the metal ion, was not proportional to the initial metal concentration in the compound, which may be due to the formation of a thermally stable metal oxide. These results are consistent with the conclusion of Taboada et al. (2009) .
The apparent activation energies (E α ) for the second thermal degradation of the chitosan-transition metal compounds in nitrogen were calculated from the TG curves using Equation (1). Plots of ln { ln [1/(1 − α)]} vs. 1/T are shown in Figure S4 (Supporting Information).
It can be seen that there were three distinct degradation periods. The E α obtained for the three degradation periods is listed in Table 3 . In period I (225-252°C), the deacetylation of chitosan occurred (Debritto & Campana-Filho, 2004 ): E α increased with an increasing weight fraction of the metal ion. Period II (252-280°C) was the cleavage of the glycosidic linkages in chitosan (Holme, Foros, & Pettersen, 2001 ): a decrease in E α was observed with an increasing amount of the metal ion. In period III (280-350°C), further cleavage of the glycosidic linkages of chitosan occurred: E α decreased slightly with an increasing weight fraction of the metal ion. These results indicated that the conformation change in chitosan resulted from the mixing of the metal ion in chitosan, and had an effect on the formation of the new phase of the polymer, which partly decreased the bond energies of the glycosidic linkages in chitosan, consequently leading to its thermal instability. This conclusion is in close agreement with that of Sreenivasan (1996) . When the activation energies of the chitosan-transition metal compound were compared at the same concentration, it was observed that they decreased in the order Cd 2+ > Ni 2+ > Mn 2+ > Co 2+ > Zn 2+ , indicating that the order of thermal stability was Cd 2+ < Ni 2+ < Mn 2+ < Co 2+ < Zn 2+ in the thermal degradation of chitosan.
Pearson's principle of hard and soft acids and bases states that hard acids bind strongly to hard bases, and that soft acids bind strongly to soft bases (Pearson, 1963) . In accordance with this theory, transition metal complexes are stable in the presence of typical soft ligands (Chatt & Shaw, 1959) .
Chitosan coordinates with a metal ion via the hard base amino group, according to FTIR analysis. Therefore, the chitosan-metal complex has less thermal stability than chitosan. The greater the hardness of the metallic ion, the stronger is its interaction with the ligand group, and the smaller is the apparent activation energy of the degradation process. , and Cd 2+ were obtained by casting solutions in the form of transparent films containing 0-4.0% weight fraction of transition metal ions.
(2) The microstructure of the compounds was characterized by FTIR and PXRD. A shift of N-H stretching and N-H plane bending to lower spectral regions was observed, and XRD peaks became gradually weaker or disappeared with an increasing weight fraction of transition metal ions in chitosan, which indicated coordination of the amino nitrogen of chitosan with the metal center to form amorphous complexes.
(3) The thermal degradation of the compounds in nitrogen was studied by TGA from room temperature to 800°C, and the effect of transition metal ions on the thermal degradation of chitosan was investigated. The results showed that the thermal degradation of the compounds could be divided into two distinct stages. The effect of transition metal ions on the second thermal degradation stage of chitosan was notable. The temperature at which the maximum weight loss rate occurred was dependent on the transition metal ion content (a high metallic ion concentration resulted in a lower temperature) and on the transition metal ion species (which decreased the temperature in the order Cd 2+ > Ni 2+ > Mn 2+ > Co 2+ > Zn
2+
). However, the weight loss-which decreased as the weight fraction of metal ion increased-was not proportional to the initial metal concentration in the compound.
(4) The activation energies of the main thermal degradation of the compounds were calculated and compared, and showed that the effect of the thermal degradation for chitosan was Cd 
